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Abstract: The electrical properties of screen-printed TiO2 based thick films were explored in terms of 
gamma radiation influence. Screen-printed pn-heterojunctions and resistors were exposed to γ-
radiation from a 137Cs source with an activity of 370 kBq. To form the resistors, a doping of TiO2 paste 
with 2 wt.% of Carbon was implemented to improve their conductivity. All samples showed an 
increase in the values of current with increasing radiation dose. The diode-type structures sustained a 
dose of 513 μSv, with considerable increase in leakage current values. Counterpart resistor-type 
structures experienced a three-order of magnitude increase in the values of current after irradiation 
with a dose of 7.524 mSv. Furthermore, S-type switching, followed by a forming effect were monitored 
at this stage, clearly attributed to the influence of gamma radiation.  
1. INTRODUCTION 
Metal oxide sensors have been utilised for several 
decades for their low-cost and simplicity. However, 
issues with sensitivity, selectivity and stability have 
limited their use, often in favour of more expensive 
approaches [1, 2]. Recent advances in nanomaterials 
provide the opportunity to dramatically increase the 
response of these materials, as their performance is 
directly related to exposed surface volume [3, 4]. New 
preparation technologies and optimised deposition 
process are essential to achieve better control of the 
materials characteristics and consequently to improve 
the sensor performance. 
Metal oxides were considered as suitable materials 
for gamma radiation sensing layers due to high 
sensitivity of their optical, electrical and structural 
properties to ionising radiation [5, 6, 7]. Gamma rays 
produce a change in the density of charge carriers in 
semiconducting material, which alters the material 
properties in measurable way. This change provides 
information on the dose absorbed by the material. The 
influence of radiation depends on both the dose and 
the parameters of the films including their thickness. 
The degradation is more severe for higher doses and 
thinner films [8, 9]. 
It is important to understand the physical 
properties of materials that have been exposed to 
radiation. The interaction of γ-rays with materials 
mainly occurs by means of electronic excitation, 
electronic ionisation and primarily atomic 
displacement of the orbital electrons [10]. It is 
believed that ionising radiation causes structural 
defects (called colour centres or oxygen vacancies in 
oxides) leading to a change in their density on 
exposure to γ-rays [7]. 
The TiO2/Si structures with different TiO2 film 
thickness, prepared by the DC reactive sputtering 
method, were irradiated by electron beams and γ-rays 
[11]. It was noted that the number of Ti4+ ions 
decrease in the transition layer. Ti4+ turns to Ti3+ 
according the reaction 2TiO2 → Ti2O3+O. Upon 
exposure to γ-radiation, a concentrated TiO2 sol gel 
changed from colorless to deep blue with an 
absorption maximum at 540 nm [12]. 
In this work, the effect of gamma radiation on the 
electrical properties of TiO2 based thick film 
structures was explored. PN-heterojunction and 
Metal-Insulator-Metal (MIM) type structures were 
fabricated and exposed to γ-radiation.  
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2. EXPERIMENTAL PROCEDURE 
To prepare the polymer thick film paste, TiO2 
powder was mixed with isopropanol to form a slurry, 
which was wet ball milled in alcohol for 24 hours. 
The alcohol was evaporated from this mixture by 
drying it at 120 oC. The powder was then placed under 
2 tons of pressure to form a pellet, which was fired at 
1250˚C (at a rate 5˚C per minute) in a vacuum of 
6x10-3 mbar for 5 hours, followed by cooling at a rate 
of 3˚C per minute. After firing, the solid pellet was 
ground down to a powder using a Gy-RO Mill. Then 
the powder was mixed with 7 wt.% of polyvinyl 
butyral (PVB), which was used as a binder, while 
ethylenglycolmonobutylether served as a solvent.  
A DEK RS 2102 automatic screen-printer was 
used to manufacture radiation sensitive devices in the 
form of resistors and pn-heterojucntions. DuPont 4929 
Ag conductive paste was used for the electrodes. TiO2 
thick films were screen-printed on P<100> Si wafers 
to form diodes. They had an area of 100 mm2 and a 
radiation-sensitive layer thickness of 50 μm. For 
capacitive devices, a paste with improved 
conductivity was used, where 2 wt.% of carbon black 
was added into the mixture. 
137Cs (0.662 MeV) disk-type source was used to 
expose the samples to γ-radiation (provided by AEA 
Technology QSA GmbH as a standard reference 
gamma radiation source). The radioactive gamma-
emitting element (3.18 mm x 5 mm) was encapsulated 
into 2 mm thick high strength epoxy resin (diameter 
25 mm) to shield any accompanying β-radiation. The 
source was distanced 1 cm from the device under 
investigation at an angle of incidence of 0°. A set of 
irradiations were performed changing the exposure 
time and hence the dose. Values of radiation damage 
in thick films devices were estimated from the change 
in their current-voltage characteristics. 
3. RESULTS AND DISCUSSION 
3.1 PN-heterojunctions 
Fig. 1 shows the radiation-induced changes in 
current-voltage characteristics of TiO2/Si pn-junctions 
under reverse bias. The leakage current increases 
considerably with the increase in radiation dose up to 
a level of 513 μSv. To trace these changes, see Fig. 2, 
which displays dependences of normalised current (I-
I0)/I0 with dose under applied voltages of –7 V and 4.5 
V. Further exposure to radiation caused a decrease in 
the values of current and consequently the samples 
were damaged. 
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Fig. 1. I-V plots of as printed and γ-irradiated at different 
doses TiO2/Si pn-junctions. 
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Fig. 2. Normalised current (I-I0)/I0 versus dose under 
applied voltages of – 7 V and 4.5 V of TiO2/Si device. 
It is believed that in this pn-junction, the increase 
in values of current was caused by the grain 
boundaries, which serve as current paths resulting in 
poor leakage current characteristics. Another reasons 
for the worsening of the electrical properties are: 1) 
the films were damaged by the creation of radiation 
defects in the form of broken Ti-O bonds; and 2) 
lowering of the barrier height at Ag/TiO2 interface. 
Similar effect of γ-rays was observed in Ag/In2O3 and 
Ag/SiO interface because of building up a charge in 
In2O3 and SiO near this contact [13]. 
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Sandwich Ag/TiO2(C)/Ag Structures 
Various composites based on conductive particles 
in a host matrix are widely used owing to their unique 
electrical and mechanical properties [14]. Most 
polymer thick films are typical insulators and the 
conductivity of the composite materials predo-
minantly depends on the content and properties of the 
filler. New properties may originate from specific 
interaction between the molecules of the material and 
the carbon surface as well as from particular 
arrangement of filler particles in the host matrix [15]. 
Figure 3 show radiation-induced changes in 
current-voltage characteristics of TiO2 thick film 
resistors doped with 2 wt.% of carbon. One can see, 
that gamma radiation caused enormous alteration to 
the conductivity of the samples, resulting in an 
increase in current. TiO2 thick films were exposed in 
total to a dose of 7.524 mSv, at which electroforming 
phenomena occurred and a thousand-fold increase in 
values of current was recorded. 
To monitor the history of changes in the values of 
current, its dependence on radiation at a fixed voltage 
of 5 V is displayed in Figure 4. A rapid, considerable 
amplification in conductivity was observed up to a 
dose of 1.026 mSv. Further irradiation with doses of 
up to 3.192 mSv lead to a steady electric behaviour of 
the samples with a small augment in conductivity. 
However, an electroforming process manifested itself 
at a voltage as low as 4V after exposure to a dose of 
7.524 mSv. For comparison, at 4 V the values of 
current were 1.03 mA for as-printed TiO2 thick film 
and 1105 mA after irradiation with a dose of 7.524 
mSv. 
A number of materials in the form of films 
sandwiched between metal electrodes (MIM or MSM 
structures) have been found to exhibit negative 
resistance effects after undergoing a forming process 
[16, 17, 18]. There are two types of negative 
resistance, which are distinguished by general shape 
of their current-voltage characteristics. These are the 
N-type voltage-controlled negative resistance (VCNR) 
and the S-type current-controlled negative resistance 
[17, 18]. In most cases any particular sample 
demonstrates only one type of negative resistance 
after a suitable forming process. However, 2-type 
switching was observed for SiOx/Bi2O3 thin films 
sandwiched as MIM structures with aluminium 
electrodes [17].  
As was mentioned earlier, after TiO2 thick films 
were irradiated with a dose of 7.524 mSv, the values 
of current experienced thousand-fold increase. 
Moreover, S-type switching effect (S-type negative 
differential conductivity) was observed at this stage, 
when a voltage drop from 4 V to 0.3 V occurred, 
while the values of current remained the same, e.g. 
1105 mA and increased consequently. This S-type 
switching is demonstrated in Figure 5. The initial 
characteristic was reproducible unless a critical value 
of current (~1.5 A) was reached. It was reported that 
one of the parameters determining the forming process 
is electrode material. Electroforming of MIM oxide 
structures can take a significant time at a minimum 
forming voltage, when aluminium electrodes are used, 
so that before the initial forming is complete, other 
phenomena may arise [17]. S-type negative resistance 
is not observed when electrode material is one, such 
as copper, which can diffuse more rapidly into the 
oxide so that electroforming is completed in few 
seconds [17]. 
In this work, the observed phenomenon can be 
explained by impact ionisation that was initiated by 
electrons as well as by the presence of Carbon in the 
thick film composition. Values of current in excess of 
1 A have lead to a thermionic emission and the 
sample, being physically very hot, has shorted. It is 
known that particles of Carbon are flammable and 
even a spark was noticed when the shortage occurred. 
It is believed that Carbon particles have formed 
impurity band, which could be responsible for the low 
activation energy of the overall thick film oxide-
Carbon mixture. This Carbon is relatively weakly 
connected to the chemical and structural network of 
the TiO2, and this could lead to the possibility of the 
atoms or ions moving under the influence of an 
electric field and Joule heating during the forming 
process. Thus, a model of heterogeneous switching 
proposed by Fritzsche [19] can be applied to explain 
the recorded S-type switching phenomena. According 
to this model, forming process creates in the filament 
region a new material or material composition, whose 
properties are different from the original material, 
forced by phase separation and/or partial 
crystallisation [19]. 
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Fig. 3. Radiation-induced changes in I-V characteristics 
of carbon-doped TiO2 resistors. Doses are displayed in mSv. 
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Fig. 4. Change in the values of current with radiation  
dose at a fixed voltage of 5V. 
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Fig. 5. S-type switching for Ag/TiO2(C)/Ag structures. 
Based on the above results, one may conclude that 
gamma radiation caused a deleterious effect on the 
electrical properties of Ag-TiO2(C)-Ag thick film 
structures. 
4. CONCLUSION 
The electrical properties of screen printed TiO2 
based thick films were explored in terms of gamma 
radiation influence. Screen-printed pn-heterojunctions 
and resistors were exposed to γ-radiation from a 137Cs 
source with an activity of 370 kBq. To form the 
resistors, a doping of TiO2 paste with 2 wt.% of 
Carbon was implemented to improve their 
conductivity. All samples showed an increase in the 
values of current with increasing radiation dose. The 
diode-type structures sustained a dose of 513 μSv, 
with considerable increase in leakage current values. 
Counterpart resistor-type structures experienced a 
three-order of magnitude increase in the values of 
current after irradiation with a dose of 7.524 mSv. 
Furthermore, S-type switching, followed by a forming 
effect were monitored at this stage, clearly attributed 
to the influence of gamma radiation. 
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